Within both the paper and paperboard industries, real time monitoring and measurement of surface roughness of a paper moving at high velocities is an important and challenging area of research. The uniform surface, for an entire production, can be effectively achieved by monitoring and controlling the paper surface roughness, in real time during the manufacturing steps. Presently the majority of paper industries rely on traditional laboratory profilometers. The obvious limitations of lab profilometers are that these are slow, do not measure the quality of entire reels but rather deal with only a few small pieces of samples taken from the end of the reels and it is difficult to make any possible correction in the production lines without knowing the online roughness data. To eradicate the disadvantages associated with conventional measurements, an online prototype instrument has been developed that measures the surface roughness during the manufacturing steps, and is based on a line of light triangulation technique. The prototype technique will be of assistance in ensuring tight process control in order to maintain both a better and a uniform quality throughout the entire production. It measures the whole reel, meter by meter, in traditional units of roughness and is also capable of characterizing the topography in a wide range of wavelength spectra. The article presents the online analyses results obtained from the developed prototype. The real time measurements, in a paperboard pilot mill, have successfully characterized and distinguished 16 different grades of newspaper and paperboard reels including reels which have the same family of quality grades and materials.
Topography is the field of study which deals with the outof-plane properties of a surface including a wide range of geometrical irregularities and in which roughness is one of the components of the topography. The roughness of a paper or paperboard surface is recognized as being one of the most important paper properties, in relation to the printability, coating and consumption of inks (Pino et al. 2010; Aguilar et al. 2009; Schwaiger et al. 2009; Vernhes at el. 2008; Ma 2005; Costa et al. 2005) . For example, the value of a graphical paper product is mainly dependent on the perceived surface quality (Goic et al. 2011; Thim et al. 2009 ). Roughness relates to paper properties including gloss, uneven grammage distribution and friction (Pierre at el. 2008; Gunnar and Veronique 1994) . Papers are often coated and the amount of coating depends upon the surface quality of the base paper/paperboard and it is also true that the amount of coating is influenced by the requirements of the final paper/board product. Paper process researchers have been endeavoring to improve the processing techniques in order to enhance the quality of the manufactured paper and this is the reason why many processing steps, for example, calendering, coating, and hot calendering are in fact undertaken mainly to improve the surface smoothness (Samyn et al. 2011; Litvinov and Farnood 2006; Rättö 2005; Hansson and Johansson 1999) . The surface property is one of the critical parameters used for either the acceptance or rejection of the final product (Tay and Quan 2003) .
Because the importance of the surface quality of the manufactured paper and paperboard, a number of hi-tech industrial laboratory profilometers are available, including both contact and non-contact techniques. Among the contact techniques, air leak methods have been in use over the years in both the paper and paperboard industries as they are considered to be very reliable. There are various air leak measurement methods, including Bekk, Bendtsen and Parker Print Surf (PPS) which are widely used. There is a common basic working principle for all of the air leak instruments which is that a rough paper sample will act as a poor seal in relation to the pressurized air and will allow a high rate of air flow through its surface, while a smooth surface will act as a good seal and will restrict the rate of air flow through its surface. Air leak roughness is measured by the rate of air flow in ml/min. The mechanical stylus is also a contact based technique and this consists of a fine preloaded diamond tip which is mechanically dragged over the surface under test. The stylus tip traverses the surface irregularities in order to measure the topography along a line. The vertical resolution of the stylus depends upon the diameter of the tip which can be approximately a few µm (Ostadi 2010) . The mechanical stylus is used for hard surfaces such as metals. In both the case of the air leak and stylus, destructive tests are conducted and thus measurements are non repeatable.
The Atomic Force Microscope (AFM) measures the soft surfaces including paper without any damage as its tip is very fine and has a very high vertical resolution in the nanometer range.
However, there are obvious limitations in laboratory measurements. For example, the absence of real time surface quality data while paper was being manufactured and a few laboratory samples, usually taken from the end of the paper reels, cannot represent the entire reel as measurements have not been taken across the whole length. Furthermore, not only would there be large local variations over the length of the reel, but rolling force and speeds are reduced at the beginning and end of the reel, thus yielding changes in properties at the sampling position as compared to those for the remainder of the reel (Bilstein et al. 2007 ). The surface dynamic properties, which develop during the manufacturing process such as cockling and long waviness, will not appear with the same intensity on the lab samples. Therefore, the conventional laboratory measurement is not sufficient and there has thus been a requirement for online surface measurements.
There has long been a request for measurements relating to the whole length of a reel in order to ensure and improve the quality of all paper and paperboard products. Online surface measurements, directly on the machines, will be of great use. The real-time surface topography, including roughness, cockling, waviness and dynamic variations are of prime importance in order to investigate and fix the problems.
The conventional methods, as discussed above, for example, air leak is good in relation to a laboratory situation but is not valid for online measurements and the mechanical contact stylus has a poor resolution and conducts a destructive test and thus it is not possible to apply these methods to online paper testing. AFM and other high resolution microscopes are sophisticated and have been designed for laboratory conditions. It is thus the case that non-contact optical techniques offer a strong potential for online measurements.
The real time monitoring and measurement of surface roughness, on a paper web, is an important and challenging research area (Pino et al. 2010; Kuparinen et al. 2005) . Paper web at high velocities introduces some additional features to the surface due to vibrations, stress on surface, and noise etc. During online measurements these features also become part of the actual surface topography, making it difficult to measure the true surface roughness (Schwaiger et al. 2009 ). The speed of the paper machine can reach 2000 m/min or higher and thus an online technique must be capable of taking measurements across a wide range of operating speeds. The resolution of the online device should be sufficiently high in order to distinguish between individual wood fibers.
The optical techniques, used in laboratory instruments, are for example interferometric, laser triangulation, laser scanning profilometry (Hladnik and Lazar 2011) and confocal microscopy, which enables measurements of a surface with precision (Goic et al. 2011 The online optical roughness assessment is an emerging research area and new measuring techniques are being explored (Wu et al. 2008 ). In the majority of techniques, the target surface is illuminated either by a pulse source or by a continuous light source. The reflected light from the surface is captured by a CCD camera(s). The physical region of the paper surface illuminated by the light source can be a point, a line or an area.
There are a few online devices available which are designed to detect mainly a surface fault as this is also important (Rodríguez-Jiménez et al. 2010 ). There are also some devices which measure surface roughness within a short range of wavelengths and thus there was a requirement for an online device that can comprehensively measure and analyze the surface topography within a wide range of wavelength. A new prototype, the Online Topography (OnTop) device, based on a pulsed line of light triangulation technique, has recently been developed. The triangulation is a proven technique, well known, simple and is low cost designed (Cheng et al. 2007 ). The prototype, OnTop, has been tested at the Pilot Coating Plant at Iggesund Paperboard Mill in Sweden. It is designed to measure the paper and paperboard web surfaces meter by meter for an entire reel during the manufacturing process. It measures, a 210 mm long web-width, and estimates surface height irregularities in traditional units of average roughness Ra, root mean square roughness Rq, and is also capable of characterizing surface topography in a wide range of wavelength spectral regions (Alam et al. 2012) .
The online measurement in the production line, will reduce the requirements for frequent physical inspections (Wu et al. 2008) and provide an opportunity to perform timely corrective actions so as to maintain the desired quality of the finished products. It will assist in reducing wastages and will enhance the quality in an efficient manner.
The intention of this study is to present the performance and accuracy of the OnTop device. The correlation results between the online measurement made by OnTop and those made by the industrial laboratory profilometer are shown. The online characterization results, on the basis of rms roughness Rq, are presented for the sample reels consist of both wide and narrow topographical differences and include samples of the same family material and grades.
Materials and Methods
The online surface roughness measurements were taken and analyzed, in this study, by means of the developed prototype in the Pilot Coating Machine of Iggesund Paperboard Mill, Iggesund Sweden.
OnTop prototype
The developed prototype is based on technique involving a non-contact line of light triangulation. According to ASME B46.1-2002 standards the prototype lies in the category of 'Type II Full Profiling non-contact instruments' which includes the measurement techniques generally based on optical and electronics sensors.
Since it was previously concluded by Alam et al. (2011) that for paper and paperboard the roughness levels are in general higher in the cross direction (CD) than in the machine direction (MD), the prototype is designed to scan a line of light in the CD. An installation picture and a sketch are shown in Fig 1 which indicates the exact location of the OnTop and the measurement in the CD. The aim of this study was mainly to measure the surface roughness and thus the location chosen in the trial tests was quite stable and suitable for measuring the roughness. However, different locations can also be chosen depending upon the interest of topographical components.
The majority of the laboratory optical profilometers scan a sample point by point (Ren et al. 2010) in order to create a vector of a line profile. Since the prototype is designed on a line of light projection technique, a vector of a line-profile is obtained in a single step which makes a rapid acquisition of the entire line. A robust prototype assembly with a fast algorithm was built as these are among the criteria for online production devices (Rodríguez-Jiménez et al. 2010 ).
The prototype consists of two semiconductor pulsed laser sources of 900 nm wavelength having an operating energy of about 150 µjoules, two plano-convex cylindrical lenses of 40 mm focal length, the option of selecting 1 to 3 CCD sensors, a trigger pulsed generator, a timing control unit and DC power sources. A beam of laser source is transformed into a sharp thin line using cylindrical lenses and projected onto the surface of the paper web. The low-specular reflected line of light from the paper surface, which carries the surface topographical information, is captured by cameras. The captured images are processed by image processing techniques which include, the fast acquisition of images synchronized with the pulsed laser sources, pre-processing and postprocessing filters, cropping the region of interest, a line profile processing algorithm and the transformation from a time domain to a frequency domain. Finally, the averages of multiple measurements and quantitative results in the form of Ra and Rq are obtained.
The accuracy of the overall system can deteriorate due to the noise in the electronic system, the imaging sensor, and speckle in the laser line. The average noise based on Rq was found to be 8.1 nm (4.3%), calculated when the long-wavelength cutoff λc was 8.75 mm. The imaging sensor resolution in the horizontal axis was 1600 pixels and, as each sensor captures a 70 mm physical length (evaluation length) on the paper surface, the spatial resolution is 43.75 µm.
Sample reels descriptions
There were 8 sample reels in total including 4 newspapers and 4 paperboards, since each reel was measured separately on two sides, a total of 16 surfaces measured. For example reels 1 and 2 are physically the same reel, but when its topside was measured, it was numbered as Reel 1 and when the wireside was measured, it was numbered as Reel 2. Similarly, the paperboard reels were also measured separately for the uncoated and coated sides and numbered accordingly. These 16 surfaces were examined online and listed in Table 1 . The samples consist of different grades and weights of newspaper and paperboard reels. The paperboard samples consist of the edge and the middle reels. The edge reels are those which were taken from the edge position of the master reel and the middle reels were taken from the middle positions of the master reel. It is commonly known that the difference in surface quality between the edge and middle positions is very small but it is also known that the level of roughness, in general, is higher at the edge positions than at the middle position, due to shrinkages during the manufacturing process. The edge and middle reels were deliberately included in the study in order to measure the roughness of almost similar surfaces where the differences are very low. These reels played important roles in order to evaluate the accuracy and performance of the prototype. The paperboard reels were provided by Iggesund Paperboard AB, Iggesund, Sweden and the Newspaper reels by SCA Ortviken Paper Mill, Sundsvall, Sweden. Raja et al. 2002) . Form and position error are also the topography components that can develop due to the shape of the sample under test and due to the insecure clamping or misalignment of the paper samples or incorrect positioning of the measuring device. Typical examples of position-error are out-of-flatness and out-of-roundness (ASME B46.1-2002).
In addition, there is also a surface deformation called cockling which develops due to a change in humidity (Gepp et al. 2009; Könnö and Stenberg 2010) and also depends on the paper fiber orientation structure (Leppänen at el. 2008) . For example, during the drying process the paper fibers can shrink and this consequently creates tension among the surrounding fibers. . In general, these can be defined as the statistical data which contains an estimation of the overall surface irregularities in one variable . Fig 3 is a plot of a profile while the Ra and Rq levels are shown in order to show the differences between them. 'L' is the total length scanned on the horizontal axis and 'x' is a reference mean line over which the topographical heights are measured. Zx is the height amplitude at each iteration over the full measurement length from x=0 to L-1.The surface profile height 'Z' is calculated with reference to the mean line and plotted on the vertical axis.
The widely used Ra and Rq formulas are represented in the spatial domain as;
where
In Eq 2 it can be noted that the height amplitudes are squared, therefore, the rms is more sensitive to the peaks and valleys in the profile. Mathematically, the relation between Ra and Rq is defined as Rq ≥ Ra. How much Rq is larger than Ra depends on the scanned surface profile. For most of the samples, studied in this work, the amplitudes of Rq were found to be about 10-11% higher than the Ra. All analysis results presented for the sample reels are in rms Rq. 
Results
The performance verification of the developed prototype in a real time environment was one of the challenges as there was no such device available to make online comparisons. Therefore, a comparison between online and offline measurements was first made, and then the online surface characterization of samples, as listed in Table I , was presented. For example, comparisons were carried out for the topside versus the wireside of the newspaper reels, the coated side versus the uncoated side of the paperboard reels, and also the middle reels versus the edge reels.
Online versus offline measurements
The measurements of the 16 sample reels were obtained by i) the online device OnTop and by ii) an offline industrial profilometer, the Sture-3, and both measurements are plotted in Fig 4. The offline device, the Sture-3, is the third version, laboratory optical profilometer designed by MoRe Research, Sweden. It scans a paper sample point by point with a moving table mechanism and works on a laser triangulation technique .  Fig 4(a) is a comparison plot for 8 paperboard reels and (b) for 8 newspaper reels. Both plots show a reasonable linear correlation between the online and offline measurements. However, some differences between the online and offline can be explained as being due to the fact that the online measurements are the average data of the whole reel, which contains a huge number of measured points, whereas the offline data are only the average of three measured points from the end of the reels, thus apparently these eight data points do not provide sufficient statistical reliability. It can be seen that the measurements for the newspaper reels have a lower correlation than for those of the paperboards reels, which could be because the online measurements were taken on the paper surface when the web was moving while the offline measurements were taken in free hanging status. 
Online whole reel measurements
The pilot machine operates at 300-400 m/min speed for the coating of the paperboard, therefore, all paperboard sample reels were measured at 400 m/min speed. The newspapers are manufactured at higher speeds than the paperboards and as the maximum achievable speed of the pilot coating machine was 600 m/min, all the tests on newspaper reels were conducted at this speed.
The prototype was used to acquire six measurements per second, thus each measurement was obtained at every 1.11 and 1.66 meters on the paperboard reels and on the newspaper reels respectively. The measurement rate of the prototype device can be increased to be faster than six per second by optimizing the software program as there are ample possibilities.
The whole reel measurement plot, for one of the wireside newspaper reels is shown in Fig 5. On the y-axis the surface height Rq is given and on the x-axis the measured length in meter, along the machine direction, is plotted. The legend of each plot also contains the average roughness Rq for the whole measurements. It was mentioned previously that each measurement was taken in the cross direction (CD) as illustrated in Fig 1. The measurements throughout the reel were found to be stable. The average Rq for the entire measurement was 3.038 µm with peak to peak variations of about 2.95 to 3.15 µm, which is a reasonable value for this type of a wireside newspaper. Fig 6 shows the surface characterization of the 8 newspaper reels based on Rq roughness . Fig 6(a) is for reels of grammage of 43 and 49 gsm while Fig 6(b) is for 51 and 60 gsm reels. The roughness levels are found to be higher on the wireside as compared to the topside surface, the exception being the 43 gsm reels. This exceptional case for the 43 gsm reels was also found in agreement with the data from the newspaper manufacturer. It was explained that the wireside could also have a smoother surface than the topside because the smoothness also depends upon the different processing steps in different machines.
The online characterization of newspaper reels
In Fig 6(a) the 49 gsm reel is detected as that having a higher surface roughness than the 43 gsm reels. Similarly in Fig 6(b) the surface roughness levels are higher for the 60 gsm as compared to those for the 51 gsm reels. The newspaper sample reels, on the basis of average Rq roughness, have been sorted out in ascending order see Table II . The online characterization of paperboard reels
In a similar manner to that for the newspaper reels, the online surface characterization results, of 8 paperboard reels are plotted in Fig 7. In both Fig 7(a) and (b) the roughness amplitudes were found higher for the uncoated sides compared to the coated sides, which is an obvious result.
Figs 7(a) and (b) contain the important results relating to the edge reels and the middle reels. It is already known that roughness differences between the edge position and middle position reels are very low and that the roughness on the edge reel is expected to be slightly higher because of the shrinkages of fibres in the processing steps. The same is evident in the plots of the edge and the middle reels in figures (a) and (b) both for the coated and uncoated surfaces of the paperboard. One more important result can be observed in these plots, relating to the roughness difference between 20 gsm and 24 gsm coat weight paperboards. The coated surfaces of Reels 14 and 16 were expected to be smoother than those for Reels 10 and 12 and the same was detected in their respective online plots. Table III classifies all the 8 paperboard sample reels based on their average roughness, starting from the smoothest surface.
Discussion and conclusions
The technique and the processing method adopted in the design of the prototype allowed the whole reel measurement to be made, meter by meter, on the paper web, moving at high velocities in real time. It is definitely Rq (µm) possible to increase the current prototype measurement rate of six per second by optimizing the software and if the only interest is in measuring the average roughness in a single variable of Ra or Rq. The online results presented have achieved the micro level roughness measurements and have shown that the prototype method can differentiate between surfaces of very similar roughness, making the method useful for the paper and paperboard industries. The tests, conducted to compare online and the offline measurements, give hints as to the accuracy of the OnTop prototype method. The real time surface profile data offer the potential to extract and measure the surface irregularity components such as cockling and waviness in addition to roughness.
The developed prototype and the experimental results have provided proof that the exploitation of simple and economical laser triangulation technique can not only be a valuable application for online surface topography measurements in both the paper and paperboard industries, but also for other related industrial applications.
